Plants detect and respond to pathogen invasion with membranelocalized pattern recognition receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs) and activate downstream immune responses. Here we report that Arabidopsis thaliana LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1), a coreceptor of the receptor-like kinase FERONIA, regulates PRR signaling. In a forward genetic screen for suppressors of enhanced disease resistance 1 (edr1), we identified the point mutation llg1-3, which suppresses edr1 disease resistance but does not affect plant growth and development. The llg1 mutants show enhanced susceptibility to various virulent pathogens, indicating that LLG1 has an important role in plant immunity. LLG1 constitutively associates with the PAMP receptor FLAGELLIN SENSING 2 (FLS2) and the elongation factor-Tu receptor, and forms a complex with BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 in a ligand-dependent manner, indicating that LLG1 functions as a key component of PAMPrecognition immune complexes. Moreover, LLG1 contributes to accumulation and ligand-induced degradation of FLS2, and is required for downstream innate immunity responses, including ligandinduced phosphorylation of BOTRYTIS-INDUCED KINASE 1 and production of reactive oxygen species. Taken together, our findings reveal that LLG1 associates with PAMP receptors and modulates their function to regulate disease responses. As LLG1 functions as a coreceptor of FERONIA and plays central roles in plant growth and development, our findings indicate that LLG1 participates in separate pathways, and may suggest a potential connection between development and innate immunity in plants. 
Plants detect and respond to pathogen invasion with membranelocalized pattern recognition receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs) and activate downstream immune responses. Here we report that Arabidopsis thaliana LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1), a coreceptor of the receptor-like kinase FERONIA, regulates PRR signaling. In a forward genetic screen for suppressors of enhanced disease resistance 1 (edr1), we identified the point mutation llg1-3, which suppresses edr1 disease resistance but does not affect plant growth and development. The llg1 mutants show enhanced susceptibility to various virulent pathogens, indicating that LLG1 has an important role in plant immunity. LLG1 constitutively associates with the PAMP receptor FLAGELLIN SENSING 2 (FLS2) and the elongation factor-Tu receptor, and forms a complex with BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 in a ligand-dependent manner, indicating that LLG1 functions as a key component of PAMPrecognition immune complexes. Moreover, LLG1 contributes to accumulation and ligand-induced degradation of FLS2, and is required for downstream innate immunity responses, including ligandinduced phosphorylation of BOTRYTIS-INDUCED KINASE 1 and production of reactive oxygen species. Taken together, our findings reveal that LLG1 associates with PAMP receptors and modulates their function to regulate disease responses. As LLG1 functions as a coreceptor of FERONIA and plays central roles in plant growth and development, our findings indicate that LLG1 participates in separate pathways, and may suggest a potential connection between development and innate immunity in plants.
plant innate immunity | pattern recognition receptors | LLG1 | FLS2 | FERONIA P lant immune receptors detect pathogen infection (1) (2) (3) . For example, pattern recognition receptors (PRRs) on the plant plasma membrane recognize pathogen-associated molecular patterns (PAMPs) to activate basal defenses, also known as PAMP-triggered immunity (4) . Examples of PAMPs include bacterial flagellin, elongation factor-Tu (EF-Tu), lipopolysaccharides, peptidoglycans, and fungal chitins (5) . Most PRRs in plants are receptor-like kinases containing extracellular domains for ligand recognition, transmembrane domains, and cytoplasmic kinase domains (4) . PRRs include the Arabidopsis leucine-rich repeat receptor kinases FLAGELLIN SENSING 2 (FLS2) and EF-TU RECEPTOR (EFR), which recognize bacterial flagellin and EF-Tu, respectively (6, 7) . Upon binding with flagellin or EF-Tu, FLS2 and EFR rapidly form complexes with the coreceptor BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 (BAK1), another leucine-rich repeat receptor-like kinase, to activate downstream immune responses (8) (9) (10) . FLS2 undergoes clathrin-dependent endocytosis and subcellular compartmentalization depending on activation by flg22, which is critical for plant immunity (11, 12) .
A number of proteins, including BOTRYTIS-INDUCED KINASE1 (BIK1) and BRASSINOSTEROID SIGNALING KINASE1 (BSK1), function downstream of PAMP perception (13, 14) . BIK1 associates with FLS2 and EFR, and dissociates from the complex after ligand recognition, then phosphorylates RbohD to regulate production of reactive oxygen species (ROS) (15, 16) . Furthermore, other components, such as STOMATAL CYTOKINESIS-DEFECTIVE1 (SCD1) and GLYCINE-RICH PROTEIN 7 (GRP7), also interact with FLS2 and modulate innate immunity responses (17, 18) . In Arabidopsis, the LysM domain receptor kinase CERK1 binds to fungal chitin and dimerizes upon chitin treatment; CERK1 dimerization can efficiently trigger downstream innate immunity responses in a BAK1-independent manner (19) (20) (21) . Upon perception of pathogens by immune receptors, plants mount multilayered defense responses, including an ROS burst, activation of a MAPK cascade, up-regulation of defense gene expression, and accumulation of the defense hormone salicylic acid (SA); these responses can result in disease resistance (3, 8, 22) .
ENHANCED DISEASE RESISTANCE 1 (EDR1), a Raf-like MAPK kinase kinase, plays a negative role in plant immunity (23) . EDR1 interacts with MKK4 and MKK5, and negatively regulates the MKK4/MKK5-MPK3/MPK6 cascade (24) . The resistance in edr1 mutants requires the RING E3 ligase KEEP ON GOING (KEG) and HYPERRECOMBINATION 1 (HPR1), a component
Significance
Recognition of pathogen-associated molecular patterns (PAMPs) by the host immune system is essential for activation of innate immunity in plants and animals. In plants, the receptor kinase FLAGELLIN SENSING 2 (FLS2) recognizes flagellin, a PAMP from bacteria. Here, we found that the glycosylphosphatidylinositol (GPI)-anchored protein LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1) associates with FLS2 and regulates plant immunity by modulating FLS2 accumulation and signaling. LLG1 functions as a chaperone and coreceptor of FERONIA, a key component in pollen reception and development. This work identifies a shared component for immunity and development, and indicates that modulation of receptor kinases by membrane-localized GPI proteins could be a general mechanism for plants to respond to environmental and developmental cues.
of the putative Arabidopsis THO/TREX complex, as well as BSK1 (13, 25, 26) . EDR1 also associates with an E3 ubiquitin ligase ARABIDOPSIS TOXICOS EN LEVADURA1 (ATL1) and is recruited to the fungal penetration site in an EDR4-dependent manner (27, 28) .
To identify new components in plant innate immunity, we performed a screen for suppressors of the edr1 mutant phenotype (26) . Here we report that mutations in LORELEI-LIKE GPI-ANCHORED PROTEIN1 (LLG1), which encodes a glucosylphosphatidylinositol (GPI)-anchored protein, suppressed the edr1 phenotypes. Recent work showed that LLG1 acts as a chaperone and coreceptor for the receptor kinase FERONIA (FER) and regulates plant growth and development (29) . We found that the llg1 mutants show enhanced susceptibility to a wide range of pathogens. LLG1 constitutively interacts with the PAMP receptors FLS2 and EFR, and also associates with BAK1 upon flg22 treatment. Moreover, LLG1 contributes to FLS2 accumulation, ligand-induced degradation and signaling, and is indispensable for PAMP-induced phosphorylation of BIK1 and production of ROS. Taking these results together, our study indicates that LLG1 associates with PAMP receptors and plays an important role in plant innate immunity.
Results
The llg1-3 Mutation Suppresses Disease Resistance in edr1 Mutants.
To search for new components that regulate plant immunity, we screened for mutations that suppress the disease-resistance phenotypes of edr1 (26) . We selected a mutant for further study and, based on subsequent characterization, we named this edr1 suppressor mutation llg1-3. At 7 d post infection (dpi), the edr1 plants exhibited cell death and disease resistance to the virulent powdery mildew strain Golovinomyces cichoracearum UCSC1, whereas the edr1 llg1-3 mutant showed a susceptible phenotype (Fig. 1A) . Trypan blue staining showed that llg1-3 suppressed the powdery mildew-induced lesions in edr1 (Fig.  1B) . To quantify fungal growth, we counted the conidiophores per colony in wild-type, edr1, and edr1 llg1-3 at 5 dpi. The edr1 plants supported fewer conidiophores and showed mildewinduced lesions. However, the edr1 llg1-3 plants supported significantly more conidiophores than edr1 and wild-type (Fig. 1C) , indicating that the llg1-3 mutation fully suppressed the powdery mildew resistance phenotype of edr1.
Previous work showed that the edr1 mutants accumulate higher levels of SA after powdery mildew infection (23) . To examine whether llg1-3 affects SA accumulation in edr1, we measured SA levels in wild-type, edr1, and edr1 llg1-3 plants after infection with G. cichoracearum at 3 dpi. Consistent with previous findings, the edr1 plant overaccumulated free SA when challenged with powdery mildew, but the elevated level of SA in edr1 was suppressed by the llg1-3 mutation (Fig. 1D) . Similarly, the llg1-3 mutation also suppressed the increased accumulation of transcripts of PR1, the SA-induced immune marker gene, in edr1 plants (Fig. 1E) .
Besides powdery mildew, the edr1 mutant also displays enhanced resistance to the oomycete pathogen Hyaloperonospora arabidopsidis Noco2 and the bacterial pathogen Pseudomonas syringae pv tomato (Pto) DC3000 (24, 26) . To assess whether llg1-3 affects edr1-mediated resistance to H. arabidopsidis Noco2 and Pto DC3000, we examined the resistance of edr1 llg1-3 to those two pathogens. As shown in Fig. S1 , the edr1 llg1-3 plants displayed enhanced susceptibility to both H. arabidopsidis Noco2 and Pto DC3000, indicating that LLG1 contributes to edr1-mediated resistance to multiple pathogens.
The llg1-3 mutation was identified by map-based cloning ( Fig.  S2 A and B) . The mutation resulted in a Gly to Arg substitution of the 114th amino acid of LLG1. To validate that this mutation causes the suppression of edr1, the genomic sequence of LLG1 with its native promoter was transformed into edr1 llg1-3 mutant plants. All 22 T1 transgenic plants displayed edr1-like phenotypes, showing enhanced cell death and disease resistance after powdery mildew infection ( Fig. S2 C and D) . In addition, we crossed edr1 with a previously characterized T-DNA insertion mutant of LLG1 (llg1-2) and infected the edr1 llg1-2 double mutant with G. cichoracearum. We found that llg1-2 could also suppress the edr1 disease resistance phenotype ( Fig. S2 C and D) . Taken together, these data demonstrated that the suppression of the edr1 resistance phenotype is caused by the mutation in LLG1.
LLG1 Is Required for Plant Innate Immunity. To study the role of LLG1 in plant immunity, we isolated the llg1-3 single mutant by crossing the edr1 llg1-3 mutant with Col-0 plants. The llg1-3 mutant allele identified from this study did not show growth and developmental defects, in contrast to llg1-2, which was much smaller than wild-type, as reported previously (29) (Fig. S3A) . We also crossed llg1-2 with llg1-3, and the growth of the F1 plants was indistinguishable from that of llg1-3 or wild-type plants (Fig. S3A) , indicating that the llg1-3 mutation only affects disease resistance, but not development: that is, the LLG1 G114R protein has lost its function in immunity but may retain functions in regulating plant growth and development.
To further assess the role of LLG1 in plant immunity, we infected llg1-2 and llg1-3 plants with G. cichoracearum, H. arabidopsidis Noco2, and Pto DC3000. We found that the llg1-2 and llg1-3 (A) Four-week-old plants were inoculated with G. cichoracearum. Photos were taken of leaves of Col-0, edr1, and edr1 llg1-3 plants at 7 dpi. The llg1-3 mutation suppressed the necrotic and powdery mildew-resistance phenotypes of the edr1 mutant. (Scale bar, 0.25 cm.) (B) Trypan blue staining of leaves after infection with G. cichoracearum at 7 dpi. (Scale bar, 100 μm.) (C) Quantitative analysis of conidiophore formation in Col-0, edr1, and edr1 llg1-3 plants at 5 dpi. Error bars represent SD from three independent experiments (n = 25). (D) Free SA was extracted from uninfected and infected (3 dpi) leaves of 4-wk-old plants with G. cichoracearum. Error bars represent SD from three independent experiments (n = 3). (E) The expression of PR1 was analyzed by quantitative real-time RT-PCR. mRNA was extracted from uninfected and infected (3 dpi) 4-wk-old plants infected with G. cichoracearum. ACTIN2 was used as an internal control. Error bars represent SD from three independent experiments (n = 3). Lowercase letters represent statistically significant differences (P < 0.05, nested ANOVA).
mutant plants exhibited enhanced susceptibility to all three pathogens, and the complementation lines carrying the LLG1 genomic sequence showed wild-type-like phenotypes (Fig. 2 A-C) . Furthermore, llg1-2 and llg1-3 mutants accumulated lower levels of SA and PR1 transcripts after G. cichoracearum infection (Fig. 2 D and  E) . Collectively, these data indicate that LLG1 plays an important role in plant immunity.
LLG1 belongs to a small gene family and LORELEI (LRE), which encodes an important regulator of pollen tube reception and double fertilization, is the closest homolog of LLG1 (30, 31) . To investigate whether LRE is involved in plant immunity, we first crossed the lre-3 null mutant with edr1 to create the edr1 lre-3 double mutant, and then examined edr1 lre-3 for powdery mildew resistance. The edr1 lre-3 double mutant showed edr1-like phenotypes after G. cichoracearum infection (Fig. S4 A and  B) , indicating that lre-3 could not suppress the edr1 disease resistance phenotype. We then infected the lre-3 mutant with G. cichoracearum, Pto DC3000, and H. arabidopsidis Noco2. As shown in Fig. S4 B-D , the lre-3 mutant supported similar levels of pathogen growth compared with wild-type, indicating that LRE is not involved in disease resistance against those pathogens; alternatively, this may be because LRE1 is exclusively expressed in the ovule (30, 31) .
The llg1-3 Mutation Does Not Affect Growth and Development. A recent study showed that LLG1 acts as a chaperone and coreceptor to regulate FER localization to the plasma membrane, and fer-4 and llg1-2 mutants show similar growth defects (29); however, the llg1-3 single mutant was similar to wild-type. Furthermore, the fer-4 llg1-3 double mutant and fer-4 single mutant showed indistinguishable developmental phenotypes (Fig. S3) 
One of the important roles of LLG1 is to act as a chaperone and coreceptor for FER to modulate FER localization (29) . To test whether llg1-3 affects the interaction of LLG1 and FER, or the localization of FER, we first performed coimmunoprecipitation (Co-IP) assays to test the interaction between FER and LLG1
G114R
. Consistent with previous reports (29) , FER interacted with LLG1 in both transient assays and stably transformed plants; in addition, the G114R mutation in LLG1 did not affect the LLG1-FER interaction (Fig. S5 A and B) . We next investigated whether LLG1
G114R affects the plasma membrane localization of FER by introducing a FER-GFP construct into different genetic backgrounds by crossing. FER-GFP localized at the plasma membrane in both wild-type and llg1-3 backgrounds (Fig. S5C) ; in contrast, proper membrane localization of FER was impaired in llg1-2 mutants. This observation indicates that the LLG1 G114R produced in llg1-3 mutants does not affect FER localization and LLG1 G114R could still function as a chaperone for FER and guide FER localization, which is consistent with the observation that llg1-3 shows wild-type-like growth phenotypes.
LLG1 Interacts with FLS2 and EFR. To assess the potential roles of LLG1 in the EDR1 pathway, we examined whether LLG1 associated with EDR1. As shown in Fig. S6 , LLG1 did not interact with EDR1 in yeast two-hybrid and Co-IP assays; therefore, we did not pursue a possible link between LLG1 and the EDR1 pathway. Because LLG1 plays an important role in plant immunity against different pathogens, and also acts as a coreceptor for the receptorlike kinase FER, we hypothesized that LLG1 may associate with PAMP receptors to regulate defense responses. To test this hypothesis, we assessed whether LLG1 could associate with the PAMP receptors FLS2 and EFR. We performed Co-IP assays by coexpressing YFP-LLG1 and FLS2-YFP-HA in both Nicotiana benthamiana and transgenic Arabidopsis leaves. The YFP-LLG1 construct could complement the llg1-3 phenotypes and the YFP-LLG1 fluorescence was observed at the plasma membrane in transgenic plants, indicating that YFP-LLG1 is functional (Fig.  S7) . In Co-IP assays in N. benthamiana, YFP-LLG1 could only be detected in the FLS2-YFP-HA immunoprecipitate, but not in the negative control, indicating that LLG1 and FLS2 associated with each other (Fig. 3A) . We further confirmed this association by Co-IP assays in stable transgenic plants expressing both YFP-LLG1 and FLS2-YFP-HA (Fig. 3B) . In addition, it appears that flg22 treatment did not alter the interaction between LLG1 and FLS2. We also examined whether the G114R mutation affects the LLG1-FLS2 interaction in Co-IP assays in N. benthamiana. We did not observe differences between the association of LLG1 and LLG1 G114R with FLS2 (Fig. 3A) , indicating that the G114R mutation in LLG1 did not affect the interaction of LLG1 and FLS2. To further assess the role of LLG1, we also examined the interaction of LLG1 with EFR, which recognizes the bacterial PAMP elongation factor EF-Tu (7). Similarly, LLG1 also associated with EFR in Co-IP assays in N. benthamiana, and the G114R mutation in LLG1 did not affect the LLG1-EFR association (Fig. 3C) . Taken together, these results indicate that LLG1 forms complexes with PRRs, such as FLS2 and EFR, in a ligand-independent manner, and the llg1-3 mutation did not affect the interaction of LLG1 with these PRRs.
We next investigated whether LLG1 could associate with BAK1, a coreceptor for both FLS2 and EFR (4, 8) . Co-IP assay using the YFP-LLG1 transgenic plants with BAK1 antibody indicated that YFP-LLG1 did not interact with BAK1 in nonelicited plants; however, YFP-LLG1 did associate with BAK1 after flg22 treatment (Fig. 3D) . The interaction of LLG1 with FLS2 and EFR was conferred through association with the extracellular juxtamembrane region of the receptors in a yeast two-hybrid assay (Fig. 3E ). These 4 spores per milliliter. Pathogen growth was scored at 7 dpi. Error bars represent SD from three independent experiments (n = 4). (C) Disease-resistance assay using Pto DC3000. Four-week-old plants were spray-inoculated with Pto DC3000 bacteria at 10 8 cfu/mL. Bacterial growth was scored at 4 dpi. Error bars represent SD from three independent experiments (n = 4). (D) The accumulation of PR1 transcripts was analyzed by quantitative real-time RT-PCR after infection with G. cichoracearum at 0 and 3 dpi. ACTIN2 was used as an internal control. Error bars represent SD from three independent experiments (n = 3). (E) Free SA was extracted from uninfected and infected (3 dpi) leaves of 4-wk-old plants with G. cichoracearum. Error bars represent SD from three independent experiments (n = 3). Lowercase letters indicate statistically significant differences (P < 0.05, nested ANOVA). data indicate that LLG1 interacts with FLS2 constitutively, but the LLG1-BAK1 complex forms after flg22 treatment. This finding is reminiscent of the interaction of FLS2 and BAK1, which form a complex in a ligand-dependent manner.
flg22-Induced ROS Accumulation Is Impaired in llg1-2 and llg1-3
Mutants. To investigate the role of LLG1 in PRR-mediated signaling, we treated Col-0, llg1-2, llg1-3, and fls2 plants with 100 nM flg22 to analyze flg22-elicited responses. We found that flg22-induced ROS production and PR gene expression were reduced in llg1-2 and llg1-3 plants (Fig. 4 A and B and Fig. S8A ), but Col-0 and llg1 mutant plants showed indistinguishable expression of early pattern-triggered immunity (PTI) marker genes, phosphorylation of MAPK, and inhibition of growth induced by flg22 (Fig. S8 B-D) . Similarly, llg1-2 and llg1-3 mutants were also impaired in elf18-induced ROS production (Fig. 4 C and D) . Taken together, our data indicate that LLG1 is required for ROS accumulation mediated by FLS2 and EFR.
LLG1 Regulates flg22-Induced Phosphorylation of BIK1. To gain more insight into how LLG1 influences FLS2-mediated ROS production, we first tested whether mutations in LLG1 could affect FLS2-BAK1 association upon flg22 treatment. In Co-IP assays using FLS2-HA expressed in Arabidopsis protoplasts, we found that the flg22-induced interaction of FLS2 and BAK1 was not affected in the llg1 background (Fig. 5A) , indicating that LLG1 did not play a role in the FLS2-BAK1 association. We then studied whether LLG1 contributes to flg22-induced phosphorylation of BIK1, the event that immediately follows formation of the FLS2-BAK1 complex (14) . We transiently expressed BIK1-HA in Col-0, llg1-2, and llg1-3 protoplasts, and then detected BIK1-HA with anti-HA antibody before and after flg22 treatment. We found that after flg22 treatment, the phosphorylation of BIK1 (as indicated by the band shift, which was validated by phosphatase treatment) was lower in llg1 mutants, compared with wild-type (Fig. 5B) , indicating that LLG1 plays an important role in flg22-induced phosphorylation of BIK1. Because BIK1 phosphorylation is required for ROS production during flg22 treatment (15) , impaired BIK1 phosphorylation may cause the reduced ROS levels in llg1 mutants after flg22 treatment.
LLG1 Contributes to Accumulation and flg22-Induced Degradation of
FLS2. To further investigate the role of LLG1 in plant immunity, we examined whether LLG1 is involved in accumulation and ligand-induced degradation of FLS2. Transgenic Arabidopsis plants that express 35Spro:FLS2-YFP-HA were used. The 35Spro:FLS2-YFP-HA clone was able to complement the fls2 phenotype (13) . We first examined the localization and accumulation of FLS2, and no differences were observed for plasma membrane localization and total accumulation of FLS2-YFP in wild-type and llg1-3 plants but llg1-2 showed much lower FLS2-YFP signals at the plasma membrane, and reduced total FLS2-YFP accumulation (Fig. 6A and Fig. S9 ). We next examined flg22-induced FLS2-YFP protein degradation (32) , which was wild-type-like in llg1-3 but was impaired in llg1-2 plants (Fig. 6B) . Taken together, these observations indicate that LLG1 contributes to accumulation and flg22-induced degradation of FLS2 but that the LLG1-3 mutant variant uncouples its role as a chaperone from its function in FLS2 signaling. Discussion GPI-anchored proteins mainly localize to the outer leaflet of the plasma membrane and regulate a broad range of biological processes (33, 34) . The Arabidopsis GPI-anchored protein LLG1 and its closest homolog LRE are involved in many developmental processes, such as the control of growth and fertilization of the oocyte (29) (30) (31) . Here, we demonstrate that LLG1 functions as an important component of plant innate immunity, as it associates with PRRs to regulate PAMP-induced production of ROS and phosphorylation of BIK1.
One important question to ask is: what is the role of LLG1 in plant immunity? Plants rely on PRRs to trigger various defense responses and several proteins are involved in the regulation of receptor complexes (1, 35) . For example, upon flg22 treatment, BAK1 phosphorylates BIK1, a kinase that directly phosphorylate RbohD, resulting in PAMP-induced ROS production (14) (15) (16) . We found that LLG1 could constitutively interact with FLS2 and EFR, and the phosphorylation of BIK1 in response to flg22 treatment is compromised in the llg1 mutant. This finding is consistent with the observation that the llg1 mutants have reduced ROS production in response to flg22. Because FLS2-mediated ROS accumulation and BIK1 phosphorylation are impaired in llg1-3 plants without influencing accumulation or flg22-induced degradation of FLS2, LLG1-mediated chaperone function of the receptor and control of its signaling are likely to be separate. Previous work showed that correct folding of EFR requires endoplasmic reticulum (ER) chaperones, including CRT, BiP, SDF2, and ERdj3B, as well as N-glycosylation by the UGGT and OST complexes (36) (37) (38) (39) . The ER-associated quality control (ERQC) system plays important roles in proper targeting and signaling of the Arabidopsis PRRs FLS2 and EFR. PRRs that fail to fold correctly are not delivered to the functional site, but are targeted for degradation by the ER-associated degradation system. However, LLG1 is unlikely to function as an ER chaperone or in glycosylation, as it is present at the plasma membrane. Instead, LLG1 could facilitate localization of PRRs to defined plasma membrane microdomains (40) , and play roles in PRR signaling. In addition to the defects in FLS2-mediated ROS production, the llg1-3 mutants accumulate lower levels of SA and have decreased SA-related induction of defenses, which may explain, at least in part, the defects in plant immunity shown by llg1-3 mutants. SA-based defense was shown to require the ERQC system (38) . The llg1 mutant plants show defects in flg22-induced expression of SA marker genes (Fig. S8A) , indicating a possible connection between SA defects and PTI signaling defects of llg1 plants. The ERQC system and LLG1 may be related in this aspect.
In addition, LLG1 also contributes to BIK1-dependent FLS2 signaling. Furthermore, the LLG1-3 variant did not affect FLS2 accumulation and ligand-induced degradation, thus uncoupling the role of LLG1 as a chaperone from its function in signaling.
Our findings support a model in which LLG1 regulates accumulation of FLS2, its flg22-induced degradation, and signaling functions (Fig. S10) , as the absence of LLG1 affects the accumulation, degradation, and signaling of FLS2. However, in the llg1-3 mutant, LLG1-3 still associates with FLS2 and functions as a chaperone, but the llg1-3 mutation may affect the conformation Lowercase letters indicate statistically significant differences (P < 0.05, nested ANOVA). C, cytosol protein; PM, plasma membrane protein; T, total protein.
of LLG1-3 and FLS2, which leads to defects in activation of FLS2 signaling (Fig. S10) . A previous study reported that LLG1 functions as a coreceptor of FER to regulate FER-mediated growth and developmental processes (29) . The fer-4 and llg1-2 mutants show similar developmental defects, such as retarded growth and root-hair defects (29) . However, llg1-3, the allele we identified, does not affect these developmental processes, suggesting that the LLG1-3 variant could function properly in FER-mediated responses during development, and that the immunity and developmental processes mediated by LLG1 can be uncoupled. Our data show that LLG1 associates with PRRs and contributes to accumulation and ligandinduced degradation of PRRs. LLG1 associates with FER, and is required for its plasma membrane localization (29) . However, whether LLG1 regulates ligand-induced degradation of FER, and whether the llg1-3 mutation affects any aspects of the FER signaling remain to be determined. In conclusion, we identified LLG1 as a component of immune receptor complexes and showed that it plays crucial roles in plant immunity by modulating accumulation and signaling of the PAMP receptor FLS2.
Materials and Methods
Plant Materials and Growth Conditions. The Arabidopsis thaliana llg1-2 (SALK_086036c) and lre-3 (SALK_040289) mutants were obtained from the Arabidopsis Biological Resource Center and have been described previously (30, 31) . The edr1 llg1-3 mutant was isolated from an EMS-mutagenized edr1 population (26) . Arabidopsis plants were grown under short-day conditions (8-h light, 16-h dark, 22°C) for phenotyping and under long-day conditions (16-h light, 8-h dark, 22°C) for seed set. For confocal microscopy, seedlings were grown 4 wk on soil under 10-h light at 22°C and 60% humidity.
Map-Based Cloning of LLG1. To map LLG1, we crossed the edr1 llg1-3 mutants to Landsberg erecta to generate a segregating mapping population. The llg1-3 mutation was mapped to a region in BAC clone MDA7 (GenBank accession no. AB011476) on chromosome 5. We amplified and sequenced all genes in this region to identify the llg1-3 mutation.
Pathogen Infection, SA Measurement, Plasmid Construction, RNA Extraction, qRT-PCR, Confocal Microscopy, Co-IP Assay, MAPK, and ROS Assays. Additional detailed procedures are described in SI Materials and Methods. See Table S1 for a list of primers used in this study.
